The interest in green processes and products has increased to reduce the negative impact of many industrial processes to the environment. Solvents, which play a crucial role in the fabrication of membranes, need to be replaced by sustainable and less toxic solvent alternatives for commonly used polymers. The purpose of this study is the fabrication of greener hollow fiber membranes based on polyacrylonitrile (PAN), substituting dimethylformamide (DMF) by less toxic mixtures of ionic liquids (IL) and dimethylsulfoxide (DMSO).
Introduction
Volatile organic compounds (VOC) resulting from many toxic or hazardous solvents are discharged in the air at an estimated rate of 20 million ton per year from the industry 1 . These emissions cause serious environmental issues such as contamination of the atmosphere and the contamination of aqueous effluents 2 posing a high risk to the environment and human health. As concerns of regulatory authorities related to environmental impact grow, interest in green processes and products, by the usage of harmless chemicals, has increased through the past decade.
Green chemistry aims to reduce the usage of harmful chemicals and was summarized by
Anastas et al. 3 in twelve principles, which are important considerations in the design of processes and products 4 . Using safer solvents and auxiliaries is one of the main aspects of green chemistry 5 . The European Chemicals Agency (EACH), which is governed by EU public law, classified harmful or toxic solvents into a list regulated by the Registration, Evaluation, Authorization and Restriction of chemicals (REACH) 6 . In this list, chemicals which are commonly used to fabricate membranes such as DMF, NMP, and DMA, appeared as toxic compounds. This means that the commonly used solvents may soon be withdrawn from the market and will not be able to be utilized in Europe due to their high toxicity and risk for human health and the environment. This is a strong motivation to consider alternatives to conventional chemicals used as solvents, and replace them by sustainable and alternative solvents, which are less toxic to the environment and human health; such solvents are frequently referred as "green" solvents.
Membrane technologies have a crucial role as green processes in terms of energy efficiency, with their simple operation process; high performance, such as selectivity and permeability; low energetic requirement, compared to other separation processes; and high stability under operating conditions 7 . However, this only considers one side of "greenness" in membrane technology. It is important to think in other aspects as how can membranes be fabricated without the usage of any toxic compounds? Figoli et al. 8 recently summarized very well the concept of greener membranes: Firstly, the use of new and renewable materials to replace oil derived chemicals was considered; secondly, the hazard or toxicity of the other chemicals involved in the fabrication of membranes such as solvents, additives, and modification agents, needs to be minimized as possible. This study focuses on the fabrication of greener membranes by the usage of chemicals with less toxic properties.
Solvents which play a crucial role in the fabrication of membranes are derived from petroleum and generate volatile organic compounds during their production, which can cause health and environmental problems 9 . Alternative or green solvents need to have low toxicity, be non-volatile, be easy to recycle, inert, and should not contaminate the product 10 . Over the past decade, water, ionic liquids, supercritical fluids (SCFs), and fluorous solvents have been reported as possible alternatives and green solvents 11 .
Ionic liquids (IL) are considered green solvents in many aspects, such as lack of measurable vapor pressure, non-flammability, reusability, high thermal stability 12 and low corrosiveness 13 . Due to their high solubility in water, toxicity to aquatic organisms has been a matter of some concern 14 , but the substitution of hazardous volatile organic solvents frequently used for membrane fabrication by less toxic mixtures containing ionic liquids could be very beneficial. The term ionic liquid refers to liquids composed entirely of ions that are fluid at temperatures below 100 ºC 10, 15 and do not lead to hazardous VOC generation in contrast to common organic solvents 15, 16 .
Many studies have focused on dissolving cellulose using hydrophilic ionic liquids such as . In a following study, they also fabricated hollow fiber membranes using the same polymer, but dissolved in a different ionic liquid, 1-ethyl-3-metylimidazolium thiocyanate ([EMIM]SCN) 23 . Similarly, UF membranes were also fabricated but using only polybenzimidazole (PBI) 24 or blends of PBI and P84 polyimide 25 , both studies used the same ionic liquid, 1-ethyl-3-metylimidazolium acetate ([EMIM]OAc). Only few polymers have been used for the fabrication of membranes with ionic liquids due to their poor activity as solvents for the polymers which are commonly used for membrane fabrication, such as polysulfone (PSf), polyacrylonitrile (PAN), and polyetherimide (PEI).
DMSO, a good solvent for commercial polymers and commonly used for membrane fabrication, is considered of low toxicity according to the GSK's guide 26, 27 and is not in the REACH solvent list under concerns 6 . Low toxicity, high polarity, and water miscibility are good characteristics for a solvent in membrane manufacture, making DMSO a good candidate to replace DMF, dimethylacetamide (DMA), and 1-methl-2-pyrrolidone (NMP).
The purpose of this study is the fabrication of PAN hollow fiber membranes using solvent mixtures of ionic liquids and DMSO, which has lower toxicity than other commonly used polar organic solvents, with good pore morphology. First polyethyleneoxide (PEO) (Sigma-Aldrich), whose molecular weights were 300 g/mol, 1,500 g/mol, 6,000 g/mol, 10,000 g/mol, 35,000 g/mol, 100,000 g/mol, and 600,000 g/mol, were used for the solute rejection evaluation and determination of the molecular weight cut-off (MWCO). Sucrose (Sigma-Aldrich) was used as draw solution which was applied in the lumen side of the thin film composite (TFC) hollow fiber membranes for testing the performance in a FO system. 
Thermodynamic analysis

Prediction of the Gibbs free energy of mixing (∆ G m ) and the Flory-Huggins parameter
Understanding the polymer-solution system from the thermodynamic standpoint is an important tool to optimize the ionic liquid composition in the dope solution for the fabrication of membranes. The free energy of mixing for polymer dissolution can be written as
where, T is the absolute temperature, whereas ∆ H m and ∆ S m are the enthalpic and entropic change of mixing, respectively. According to Flory-Huggins theory 28 , the Gibbs free energy of mixing can be approximated by the expression: 
where, χ ij is the Flory-Huggins parameter; V i is the molar volume of the solvent, (cm 3 / mol);
δ is the Hildebrand solubility parameter for the solvent (i) and the polymer (j), (Mpa 1/2 ); R is the ideal gas constant (8.314 cm 3 Mpa K -1 mol -1 ); T is the absolute temperature, (K); and 0.34
is an empirical constant absent in the original theory that has been found important for polymer systems [29] [30] [31] [32] . According to the Flory-Huggins approximation, if χ is smaller than 0.5, homogeneous polymer solutions are expected 30 . Taking into account the inherent simplifications in the Flory-Huggins model 28 , the value of χ = 0.5 is used as an initial guess to decrease the experimental solvent-composition space to study. The solubility parameters can be computed using the Hansen solubility parameters 31 , given by the contribution of dispersive, dipole-dipole, and hydrogen bonding interactions as
In particular, for ionic liquids the electrostatic 33 hollow fiber membranes were prepared by using a double spinneret with 0.34 µm inner diameter (ID) and 0.64 µm outer diameter (OD) at room temperature. After spinning, the hollow fiber membranes were immersed in a mixture of 50% glycerol and 50% 2-propanol for 2 hours and were dried again. The spinning conditions are summarized in Table 2 . These spinning conditions were designed to fabricate hollow fiber membranes with thin walls with thicknesses of approximately 100 µm, which is convenient in forward osmosis to improve water flux. In case of the composition of the bore fluids, the concentration of water was always 10 wt%; 90 wt % DMSO or DMF was used, depending on solvent used in the dope solutions. To apply the hollow fiber membranes in FO, the membranes need to have selective layers with fine pores (less than 10 Å) to reject monovalent ions such as NaCl. Interfacial polymerized polyamide is commonly used as selective layer. Thin film composite (TFC) hollow fiber membranes were prepared by interfacial polymerizing on the outer surface of the hollow fiber supports. Each hollow fiber support, which was blocked by epoxy in both sides to prevent the MPD aqueous solution from invading the lumen of the hollow fibers, was immersed for 3 minutes in an aqueous solution containing 2wt% of MPD, 1% of CSA, and 1% of TEA. After removing the MPD solution excess on the surface of the hollow fiber, the fiber was immersed for 20 seconds in an organic solvent which was composed of 0.1% TMC in hexane to obtain the thin film polyamide selective layer on the surface of the hollow fiber by interfacial polymerization. The TFC hollow fiber membrane was rinsed in pure hexane to remove unreacted functional groups for 1 minute. After removing excess hexane, the TFC hollow fiber membranes were immersed in a mixture of 25% glycerol and 75% water for 2 hours and were dried in room temperature.
Characterization of the polymer solutions and the membranes
Characterization of the polymer solutions
Rheological measurements (AR1500ex Rheometer, TA Instruments) were performed to measure the storage (G') and loss (G'') modulus, which indicate the elastic and viscous character, respectively.
The viscosity (AR1500ex Rheometer, TA Instruments) of the polymer solution affects the thickness and diameter of the fibers and also has an effect on the spinning conditions. In addition, it is also important data to investigate and gain insight into the effects of the ionic liquids during membrane fabrication. To prepare the UF membrane using NIPS method, the polymer solution needs to have a proper range of viscosity, which depends on the polymer and solvents kind and concentrations. It is also different for different polymer molecular weights.
Membrane morphology
The morphologies of the hollow fiber support membranes and thin film composite (TFC) layers were examined by Field Emission Scanning Electron Microscopy (FESEM), FEI Quanta 600 and Nova Nano FESEM. The water in the membrane pores was exchanged with methanol and hexane. After freeze drying in liquid nitrogen, the hollow fiber samples were fractured and the membrane cross-sections coated by iridium.
Characterization of the membranes
FT-IR (Spectrum 100, PerkinElmer) was used to identify remaining ionic liquid. rejected by the membrane, was calculated from rejection results for PEG of different sizes.
Performance in forward osmosis experiments
The hollow fiber membranes were tested in cross- 3. Results
Thermodynamic analysis
Prediction of the Gibbs free energy of mixing (∆G) and the Flory-Huggins parameter (χ)
The Flory-Huggins parameter was calculated by equation (3) using the total solubility parameter as shown in Table 3 . Figure 1 of the ionic liquid. This was the starting consideration for choosing the solvent mixture that could be used in the membrane preparation. Effects of the polymer composition are not included in the calculation of χ, therefore the proper range of the solvent mixture composition can be derived from the free energy. Figure   2 shows the Gibbs free energy of mixing for each solvent mixture, calculated from the FloryHuggins parameters, applying equation (2) . The Gibbs free energy of mixing considers the interaction parameter, as well as polymer and solvent volume fractions, φ 2 and φ 1 respectively.
In Figure 3 the Gibbs free energy of mixtures containing 12% PAN in solvent mixtures is presented. As shown in Figure 3 
Cloud Points and Phase Diagram
The phase diagram in Figure 3 is relative to the polymer, solvent mixtures, and water as non-solvent, giving an important thermodynamic information related to the phase inversion process, which takes place when the polymer solution is immersed in water (non-solvent for PAN). The phase diagram was constructed from cloud point measurements, that is, the limit between the stable and unstable regions, where the polymer solution changes from homogeneous to turbid 35 . Ternary phase diagrams can give an indication of the final structure of membranes 36, 37 . However kinetic aspects such as the solvent-non solvent exchange speed also play an important role in the pore formation. 
Membrane morphologies
Hollow fiber support membranes
Hollow fiber membranes prepared from polymer solutions with the ionic liquid, showed morphologies with a fully developed finger like structure ( Figure 4 ) and regular unique patterns on the inner surface (Figures 4 and 5) . On the other hand, membranes prepared with pure DMSO, exhibited finger like morphology, but different porosity and patterns in the inner surface. As the hollow fibers were fabricated for application in forward osmosis (FO), the wall of the hollow fiber membranes was designed to obtain the highest flux as support in a FO system. The wall thickness of all hollow fiber membranes was less than 100µm
approximately. 
Thin film composite hollow fiber membranes
Thin film composite (TFC) hollow fiber membranes, which were prepared by interfacial polymerization on hollow fiber support membranes with 20 % ionic liquid, pure DMSO, and pure DMF, showed morphologies with a typical ridge-and-valley structure ( Figure 6 ). 
Rheological measurement and viscosity of the polymer solutions
The viscosity of dope solutions with DMSO, DMF and IL/DMSO is shown in Figure 7 . The viscosity of the solution in DMF was lower than that in DMSO. However, it is important to note that the viscosity of the DMSO alone was twice that of DMF. In order to better understand the viscoelastic properties of the polymer solutions, the storage and loss modulus were measured on a rheometer under oscillation. Figure 8 shows the rheological behavior of the dope solutions used for the membrane manufacture, comparing those with pure DMSO, IL/DMSO, and DMF as solvents. In the case of the polymer solution in DMSO without the ionic liquid (Figure 8a ), the storage modulus (G'), which denotes elasticity, was much lower than the loss (G'') modulus, which reflects viscous behavior. The G''/G' ratio, which can be seen as an indication of the system capacity to dissipate energy or mobility is 2.6 for solutions with DMSO. This means that the solution behaves more like a liquid and less like a gel. For the polymer solution with the (20/80) IL/DMSO solvent mixture there was just a small difference between two modulus and they were around 50 Pa (Figure 8b ).
The G''/G' ratio is around 1.4. The elasticity increases by adding ionic liquid in relation to dissipative viscous flow. In the case of the polymer solution with DMF (Figure 8c) , the G''/G' ratio is around 3.8, being the largest one.
The pore formation in membranes by phase inversion depends on the interplay between thermodynamics and kinetics of the polymer solution. By immersing in water, the solventnon solvent exchange will drive the system to phase separation, reaching the unstable region of the phase diagram (Figure 3) . The phase separation proceeds by spinodal decomposition or nucleation and growth, depending on the solvent exchange path guiding to the 2 phases region. The pore morphology and size will depend on how fast the phase separation evolves before the system gels. Fast gelation should lead to a fast interruption of the phase separation process and also might help to keep any pre-established order in the solution. If phase separation is allowed to progress to late stages, coalescence and disorder can be favored, leading also to a more disordered pore structure. By adding ionic liquid the gel character of the solution seems to be enhanced. The ionic liquid might also contribute to a betterorganized system, with highly elastic character, which gels faster when water initiates the phase separation. At the same time, the presence of ionic liquid increases the interaction with water (solubility parameter closer to water's) and facilitates the water-solvent exchange.
These factors might have contributed to the regular and open pore structure shown in Figure   5 .
Additionally to the surface morphology, the cross-sections of membranes prepared with ionic liquids differ from those prepared from solutions in pure DMSO. A fine finger-like cavity structure is observed when ionic liquid is used, while a rather heterogeneous structure with sponge like morphology and scattered pear-like cavities can be seen when using pure DMSO.
The formation of the finger-or pear-like structures depends less on the mechanism of phase separation (spinodal decomposition or nucleation and growth) and more on how homogeneous the interface between the polymer solution and water is, how fast and abrupt the water-solvent exchange takes place, as well as how viscous the polymer solution is.
Characteristic of the membranes
To analyze the existence of remaining ionic liquid in the membranes, Fourier transformed infrared spectroscopy (FTIR), was performed. The results of the water permeance for each membrane, molecular weight cut-off (MWCO), mechanical strength (stress and strain values at the breaking point), Young's modulus, and contact angle are summarized in Table 4 . The water permeance was measured in a dead-end set-up and it was calculated by using equation ( elongating the hollow fiber membranes under the pressure. The rejection of solutes in a feed solution with 300 g/mol PEG to 35,000 g/mol PEO is summarized in Table 5 . The membrane prepared with the ionic liquid is only slightly more hydrophilic than the one without the ionic liquid ( Table 4 ). The mechanical strength of the hollow fiber with the ionic liquid, in terms of the fiber breaking stress and strain, is stronger than the one with DMF alone, but lower than the one with DMSO alone, which had also a higher Young's modulus than other membranes, indicating more rigidity. Test conditions: 2 bar (pressure), 0.1 wt% 6000 g/mol PEG, 0.1 wt% 10,000 g/mol PEG, 0.1 wt% 35,000 g/mol PEG, 0.1 wt% 100,000 g/mol PEO, 0.1 wt% 600,000 g/mol PEO (feed solution)
Performance in forward osmosis tests
An interfacial polymerized polyamide layer was prepared on the outer surface of the hollow fiber membranes (Figure 6 ). Table 6 shows the performance results for hollow fiber membranes in FO system using sucrose solutions as a draw solution. The water flux of the hollow fiber membrane with the ionic liquid was slightly higher than the others. The hollow fiber membranes were tested in FO measurements, after adding a selective layer by interfacial polymerization. Sucrose solutions were used as draw solution. The water flux of the hollow fiber membrane with the ionic liquid was higher than the others and no reversible solute flux was measured. 
Acknowledgment
